Interplay between rock anisotropy and strain boundary conditions P-wave anisotropy Aztec Sandstone a b s t r a c t Previous research revealed that the cross-bedding related anisotropy in Jurassic aeolian Aztec Sandstone cropping out in the Valley of Fire State Park, Nevada, affects the orientation of compaction bands, also known as anti-cracks or closing mode structures. We hypothesize that cross-bedding should have a similar influence on the orientation of the opening mode joints within the same rock at the same location. To test this hypothesis, we investigated the relationship between the orientation of cross-beds and the orientation of different categories of joint sets including cross-bed package confined joints and joint zones in the Aztec Sandstone. The field data show that the cross-bed package confined joints occur at high-angle to bedding and trend roughly parallel to the dip direction of the cross-beds. In comparison, the roughly NeS trending joint zones appear not to be influenced by the cross-beds in any significant way but frequently truncate against the dune boundaries.
Previous research documented the relationship between crossbed orientation and the distribution of compaction bands in an aeolian sandstone (Deng and Aydin, 2012) and interpreted this relationship in terms of the strength anisotropy of localized compaction (Deng and Aydin, 2015) . This research led to the notion that if the cross-bedding related anisotropy affects the orientation of compaction bands, there is likely a similar effect on the formation and orientation of the joints that occur in the same rock at the same location. In comparison to compaction bands, joints are relatively simple structures that exhibit dominantly opening displacements across a plane of discontinuity (Pollard and Aydin, 1988) . It has been frequently observed that joints generally occur perpendicular to bedding and are confined by layer boundaries or mechanical layer packages in sedimentary rocks (Hodgson, 1961; Price, 1966; Hancock, 1985; Helgeson and Aydin, 1991; Narr, 1991; Gross and Engelder, 1995) .
In this paper, we present the results of a multidisciplinary study integrating: (1) field data on the spatial relationship between joint sets and dune architectures including cross-beds and dune boundaries in the Aztec Sandstone; (2) laboratory measurements of the elastic moduli and P-wave anisotropy of the Aztec Sandstone, and (3) modeling the variation of the local principal stress Flodin and Aydin (2004) . The locations of the three study areas (sites A, B and C) and some other prominent geologic and geographic features are labeled. Locations of the sampling stations in Site C are shown on an enlarged aerial photograph in which the dune boundaries are labeled following Deng and Aydin (2012) . magnitudes and orientations in sandstone with cross-beds of different orientation under strain boundary conditions simulating various tectonic loadings. The objectives of the study are to decipher the relationship between the orientation of cross-beds and the presence and orientation of joints therein. In particular, we explore possible interplay between the anisotropy of the rock medium and the boundary conditions to which the medium is subjected, and the effect of such an interplay on the formation and orientation of joints. Ultimately, this new information is placed in a mechanical framework that may shed light on the formation and orientation of various types of joints in aeolian sandstones.
Geological setting
The Aztec Sandstone was deposited in a backarc basin tectonic setting during Early Jurassic time (Marzolf, 1983) and is interpreted to have formed along with the western margin of the NavajoNugget sand sea (McKee and Bigarella, 1979) . Aeolian dunes in the Aztec Sandstone exposed in Valley of Fire State Park have medium to large-scale tabular-planar and wedge-planar cross strata truncated by widespread first-order and planar second-order bounding surfaces (Porter, 1987) . The thickness of Aztec Sandstone varies across the Valley of Fire State Park with a maximum of about 1400 m (Bohannon, 1983) . Due to multiple episodes of diagenetic alteration, the Aztec Sandstone is divided into three major alteration units: lower red, middle buff and upper banded orange units (Eichhubl et al., 2004) .
The Aztec Sandstone was subjected to at least two significant deformation phases: (1) east-southeast-directed compressive deformation during the Sevier Orogeny of the late Mesozoic and (2) Basin and Range extension and strike-slip faulting primarily in mid-Miocene time and continuing to the present to a certain extent. Within the Valley of Fire State Park, deformation structures associated with the Sevier Orogeny are large-scale thrust faults (Bohannon, 1983) , compaction bands and shear bands (Hill, 1989; Sternlof, 2006) . Younger structures include approximately NeS oriented joint zones (Taylor et al., 1999) , strike-slip faults and normal faults. In particular, Myer and Aydin (2004) recognized that the strike-slip faults and normal faults formed by shearing along pre-existing joints and joint zones. Flodin and Aydin (2004) documented that the fault arrays evolved by sequential openingfracturing and shearing and resulted in the formation of a widespread strike-slip network including two fault sets with left-lateral and right-lateral slip. Recently, Aydin and de Joussineau (2014) proposed that the precursors of the strike-slip fault network were an array of relatively low-angle normal faults and their splay fractures.
In this study, two sets of orientation data for joints and crossbeds were collected primarily from the main study area (Site A in Fig. 1 ) located in the upper orange unit of the Aztec Sandstone. Some observations from Site B located in the middle buff unit are also used for the confirmation of the results drawn from Site A. Samples used to measure the elastic moduli and the P-wave anisotropy were collected from Site C (see inset in Fig. 1) , which was the focus of the study for the previous research on the distribution and orientation of compaction bands (Deng and Aydin, 2012) .
Methodology
In this study, mapping was carried out at scales ranging from 1:50 to 1:150 using enlarged aerial photographs taken at a height of about 20 m from a camera mounted on an unmanned aerial vehicle. Orientation measurements were collected using a Brunton compass. For all the measured structural orientation data, we use the right-hand-rule convention (Pollard and Fletcher, 2005) .
To measure the elastic moduli and P-wave anisotropy of the cross-bedded sandstone, six blocks that showed no visible deformation features (i.e., deformation bands, joints or small faults) were sampled with care from fresh outcrops from four dune units in the field using hand saw blades. In the laboratory, each block was cut into a set of three rectangular prism shaped samples having one long axis and square cross section (Fig. 2a) . The heterogeneity and the extreme friability of the sandstone made sample preparation challenging. Ideally, samples were prepared in the shape of rectangular prism with nominal cross sections of 25 by 25 mm and length of 50 mm, although individual sample dimensions varied. In each set of three samples (A, B and C), the long axis of sample A was oriented perpendicular to bedding whereas samples B and C had long axes parallel to bedding (Fig. 2a) . This sample configuration was chosen to provide some level of redundancy in the beddingparallel direction since there was obvious heterogeneity in properties due to cross-bedding at the sample scale. Following dry rough-cutting with a diamond saw, the final sample surfaces were refined by hand-sanding using 220 grit sandpaper on a flat surface. Sample ends were made parallel to each other within ±0.1 mm, although corners and edges were typically rounded due to innevitable loss of grains during sanding. Following the preparation step, the sample dimensions were measured using a digital caliper with precision of 0.01 mm. Each measurement were repeated three times and the average values were used for the calculations.
We assume that the transversely isotropic stress-strain relations (Equation (1)) are appropriate for the Aztec Sandstone with well developed cross-beds as Representative block samples (Set 3), triaxial test geometry and the velocities measured in the laborotary. a). Block samples with a layered texture collected from the field. The contour of the rectangular prism shaped samples used for triaxial tests and velocity measurements were defined with black lines. b). Configuration of sample A (bedding orientation are denoted by dashed lines) and the axisymmetric loading geometry. Axial load (s a ) is perpendicular to bedding. c). Configuration of samples B and C. P-wave velocities were measured parallel (V p22 ) and perpendicular to bedding (V p33 ). d). P-wave velocities measured in two orthogonal directions (V p11 and V p22 ) parallel to bedding on sample A. Fig. 3 . Map of the main study area (location "A" in Fig. 1 ) on a mosaic of low altitude aerial photographs taken from an unmanned aerial vehicle. The map shows dunes that are numbered for identification purposes and various sets of joints traces (in red). Rose diagrams showing the measured strikes of cross-beds (in black) and joints (in red) are used for 2 6 6 6 6 6 6 4 where plane 1e2 is the plane of isotropy (bedding plane) and axis 3 is of rotational symmetry (Lekhnitskii, 1963 In a general trixial test run, the sample was first jacketed in shrink tubing to aid assembly, followed by polyurethane tubing that was clamped to steel end plugs. The sample assembly was then placed in a pressure vessel in a triaxial loading apparatus similar to the test configuration described in Lockner and Stanchits (2002) . Samples were evacuated for approximately 30 min and then saturated with deionized water for all tests. The tests were conducted at ambient confining pressures ranging from 10 to 40 MPa and deviatoric stress from 0 to 40 MPa. Pore pressure was held constant at 10 MPa. Pore volume change (DV pore ) in response to axial and confining pressure changes was recorded. During the test, a piston pushes against the end of the sample to produce axial stress s a , while pressuized fluid (oil) produced lateral confinement, P c . Two cycles of axial stress changes were made at each confining pressure level to reduce the effect of time-dependent creep on the measurement of elastic properties. Elastic moduli were measured during the unloading step of the second cycle.
In this axisymmetric configuration (Fig. 2b) 
and
Assuming the volume change of the matrix (DV matrix ) is substantially smaller than the pore volume change (DV pore ):
Volumetric strain can then be calculated by
Independent calibration runs measuring Young's modulus were performed using an aluminum sample and three Berea Sandstone samples. The meaurements of Young's modulus demand that the sample end faces be parallel within 0.2 mm, constraining measurement error to about 2%. Initially, samples A, B and C were designed for measuring E, y, E ' , y ' using a triaxial test for determining the stiffness anisotropy. However, we found that difficulties in maintaining precise sample dimensions especially for beddingparallel samples, exacerbated by the intrinsic sample heterogeneity prevented reliable determinations of E, and n particularly from samples "B" and "C". Consequently, only samples of "A" configuration (Fig. 2b) . Velocity measurements were conducted on samples of "B" and "C" configuration for determining the P-wave (by extension, elastic modulus) anisotropy.
The P-wave velocity measurements were made at ambient pressure and temperature conditions. The bench-top ultrasonic assembly consisted of a pair of P-wave transducers (from Olympus Panametrics with 1 MHz central frequency), an oscilloscope (Tektronix TDS 3014C) and a pulse generator. Transducer delay time was determined by placing the transducers in contact with each other (head-to-head). The travel time for P-waves through the sample was then determined by positioning the sample at a fixed position with a load of about 1.3 kg to ensure consistent coupling for each measurement. Time of P wave arrival was determined by manually picking the first peak after correcting for transducer delay time. Velocity was calculated by dividing the sample length with the arrival time. The measurements were confirmed with standard aluminum samples.
P-wave velocities were measured parallel (V p11 ) and perpendicular to bedding (V p33 ) on 11 samples of the Aztec Sandstone cut in "B" and "C" configurations ( Fig. 2a and c ) to determine the P-wave anisotropy (ε p ) as:
To follow the convention in rock physics (Thomsen, 1986; Mavko et al., 2009, p37) , ε is used with a subscript "p" here, which distinguishes this parameter from ε ij for the strain components. In addition, P-wave velocities were also measured in two orthogonal directions parallel to bedding (V p11 and V p22 ) on five samples of "A" configuration. (Fig. 2d ).
Field data

Depositional architecture
The aeolian deposits in the study area (Site A) consist of a number of dune units with predominantly NNW-NNE oriented dune boundaries with dip angles generally less than 30 (Figs. 3 and 4). According to the truncating relationship between these visual and numerical comparison about the changes in cross-bed orientation and joint orientations at 49 measurement stations from different dunes. In the rose diagrams, every bin represents the strike interval of 10 . The length of each bin reflects the percentage of the total measurements (about 24 on average). Every black dashed circle represents 10 percent of the measurements at the stations cumulatively (see the inset). Notice that the cross-beds are characterized by the hues of orange and white stripes on the photograph. The location of Fig. 5a is labeled with a dashed white line rectangle.
bounding surfaces, 18 dune units were identified and named from older to younger (D1-D18) within the mapping area. The sequential relationship between certain dunes, such as D14 and D15, is difficult to determine because of the lack of geomorphic contact. Compared to the dune boundaries, the orientation of cross-beds have a much broader distribution of strikes ranging from 0 to 70 and 188 to 355 (Fig. 4) . Dip angles of cross-beds vary between 12 and 30 with a mean of 21 .
Morphologic, depositional, and structural resemblances and differences among these 18 dune units confined mostly by secondorder dune boundaries were checked by visual inspection and numerous field measurements of cross-bed orientations. The number of stations (MS) selected for orientation measurements in a unit, depended on the variability of the cross-bed orientations within a dune (Fig. 3 ). These are shown by rose diagrams in Fig. 3 . For example, in the northern part of dune D4, the nearly WSW-striking cross-beds (black in the rose diagram for MS 1e2 in the figure) change to about WNW-striking cross-beds in the southern part (MS 3e4). While clearly visible in the rose diagrams, the differences in cross-bed orientations are also reflected by the trends of whiteeorange stripes in the background mosaic photographs (Fig. 3) . A larger degree of change in cross-bed orientations within a single dune was also observed, for instance, in D13 and D17 (see rose diagrams MS 1e4 and MS 5e7 in D13; MS 1e3 and MS 4e5 in D17 in Fig. 3 ).
In addition to the variation of cross-bed orientations within a single dune, differences between the orientations of cross-beds from one dune to the next can also be significant. For instance, the crossbeds in D3, D6, D7, and D8 are roughly W-striking, whereas the cross-beds in D13 immediately adjacent to this boundary are nearly N-striking. Similar changes can also be observed from D8, D10, D12, and D16 to D9, D11, D13 (MS1e4), and D17, respectively.
Joint sets
Based on the orientation, geometry, and relationship with crossbeds and dune boundaries, we identified three distinct joint sets across the mapping area: (1) Cross-bed package confined joints; (2) joint zones that are approximately north-south trending and relatively continuous; and (3) joints orthogonal to the members of joint zones.
Cross-bed package confined joints
Cross-bed package confined joints occur within a bundle of cross-beds, but are bounded by the cross-bedding interfaces at the package boundaries. The concept of cross-bed package (CBP) is equivalent to that of a mechanical layer (Narr, 1991; Gross, 1995; Cooke et al., 2006; Laubach et al., 2009) , which lies between bedparallel surfaces. From here on, joints confined within CBP and terminate at the package boundaries will be referred to as CBP joints for brevity. The orientations of CBP joints are characterized by a broad distribution of strikes ranging from 0 to 80 and from 170 to 356 . Dip angles of the CBP joints vary between 58 and 89 with a mean value of 76 (Fig. 4 ), but they occur at high-angle to cross-bedding (Fig. 5 ). To better understand the relationships between cross-beds and the CBP joints, trace geometries of these joints on erosional surfaces (pavements and scarps) were mapped in the study area (Fig. 3 ). The orientations of CBP joints as well as the orientations of cross-beds in which they occur were measured at 49 stations. The data are plotted in Figs. 3e7. These figures show several systematic features: 1) In the rose diagrams in Fig. 3 , the joints (red bins) and the crossbeds (black bins) are approximately orthogonal to each other. Such a pattern in the strikes of cross-beds and CBP joints remains more or less consistent as the cross-bed orientations vary widely. For example, corresponding to the transition from WSW-striking cross-beds in the northern part of dune, D4 (MS 1e2), to nearly WNW-striking cross-beds in the southern part (MS 3e4), the CBP joints change from NNW-striking to NNEstriking. Significant variations of strikes of CBP joints within a single dune unit are also observed. For example, in the northern part of D13 (MS 1e4), the cross-beds have NE-strikes and the CBP joints therein have NW-strikes. Following the change of cross-beds to a northerly strike in the western part of the same dune (MS 5e7), the CBP joints also change to a western strike maintaining a sub-perpendicular relationship.
Aside from the variation in CBP confined joint orientations within a dune, significant differences are also observed between the orientations of CBP confined joints in two adjacent dune units. The CBP joints in D3, D6, D7 and D8 adjacent to the lower boundary of D13 have approximately NeS strikes. In comparison, the CBP joints change to a W-strike ion D13 (MS 5e7). Contrasting differences in the orientations of CBP joints can also be observed from D8, D10, D12, and D16 to D9, D11, D13 (MS 1e4), and D17, respectively. 2) The orientation data can be plotted to highlight trends in the mean values of the measured strikes of the joints as a function of the cross-beds (Fig. 6 ). The plot shows two roughly sub-parallel trends of strikes of cross-beds (black) and of CBP joints (grey) over all measurement stations. Notice that the outliers (MS 1 in D5, MS 2 in D9 and MS 3 in D18) are due to certain high-angle joints dipping to the opposite direction, resulting in a nearly 180 difference (right-hand-rule convention) in strike values of the same joint set. The dip angle of cross-beds (from 12 to 30 ) and CBP joints (from 58 to 89 ) have relatively smaller variations as can be seen in Fig. 4 and therefore are not shown here. 3) Using the mean values of orientations calculated from the data collected from each measurement station, the dihedral angles between the cross-beds and CBP joints and the difference between the dip azimuths of bedding and strike azimuths of CBP joints can be determined (Fig. 7) . In general, the dihedral angles between the CBP joints and cross-beds range from 70 to 88
with the mean value of about 80 and a standard deviation of about 6
. (Fig. 7a ). The differences between the dip azimuths of bedding and strike azimuths of CBP joints vary from 0 to 26 and more frequently from 147 to 177 (Fig. 7b) . These results suggest that (1) CBP joints are at high-angle to bedding but not strictly perpendicular to bedding everywhere, and that (2) CBP joints trend roughly parallel to the dip direction of the crossbeds.
Joint zones and the associated orthogonal joints
Joint zones in the mapping area are clusters of sub-parallel joints with strikes ranging from 355 to 15 and from 161 to 200 (Figs. 4 and 8) . Dip angles of these zonal joints vary between 64 and 88 . Based on the abutting relationships, joint zones appear to be older than CBP joints in a few places (For instance, MS 3 in D3 in Fig. 3 ; middle right part of Fig. 8 ) and are more continuous across the dunes. Many joint zones occur as through-going features in cross-beds of various orientations and have relatively similar orientations. A good example of this can be found in the western part of the map (Fig. 3) , where a joint zone occurs as a continuous feature through D1 to D8. Although the joint zones appear to be not significantly influenced by the variation of cross-bed orientation, some joint zones are truncated by certain dune boundaries. For instance, the aforementioned joint zone ends adjacent to the lower boundary of D1 and conjoins with a segment parallel to that dune boundary. Similarly, segments of the joint zone in the northern part of D18 are bounded by the lower dune boundary of D18. Besides the joint zones that are continuous across cross-beds of various orientations, less continuous joint zones are present. They occur in the northern part (MS 2), western part (MS 3), and southern part (MS 11) of dune D13 and eastern part of D16 (MS 4) (Fig. 3) .
Similar to the nearly NeS trending joint zones mapped by Taylor et al. (1999) and Myers and Aydin (2004) , the joint zones documented in this study have complicated internal architectures (Fig. 8) . Certain parts of these zones might be splay fractures emanating from shearing of pre-existing joints, joint zones or bedding interfaces (Myers and Aydin, 2004) . The complete characterization of these joint zones requires detailed mapping and more data collection. However, because the focus of this study is the orientation of joint sets and their relationship with cross-bed orientations, the characteristics (e.g., segments and internal architectures) of the joint zones are only briefly described here. Interested readers are referred to Meyers and Aydin (2004) ; Flodin and Aydin (2004); and de Joussineau and Aydin (2007) for small faults formed by shearing of joint zones of various geometry.
Joints orthogonal to the joints within joint zones are systematically confined or truncated against the through-going joints of the joint zones (Figs. 4 and 8) . Based on this truncation relationship, this joint set is younger than the joint zones and has an origin consistent with the orthogonal jointing concept (e.g., Bai et al. (2002) ).
Static moduli and P-wave anisotropy
Static moduli
The measured elastic modulusE ' ranges from 4.8 GPa to 6.5 GPa for all three samples (Fig. 9 ). E ' also increases as a function of effective confining pressure. Sample 3A has relatively higher E ' (from 5.1 GPa to 6.5 GPa) whereas sample 1A has relatively lower E ' (from 4.8 GPa to 5.8 GPa). All three samples show an almost linear trend of E ' with the increase of confining pressure (Fig. 9) pressure for an individual sample are better determined (less than ±0.5%) because uncertainties in sample dimensions and machine stiffness corrections cancel.
P-wave anisotropy
P-wave velocities along different directions with respect to bedding were measured from 16 samples. Accuracy of P-wave determinations were limited by the uncertainty in sample dimension (±1.5%) and the ±1 ms difference in the travel time caused by variations in sample alignment as determined by repeat measurements. Estimated overall uncertainty in P-wave velocity measurements is about ±5% for each sample. The measured data as well as P-wave anisotropies of different values show several systematic features (Fig. 10) .
1) The measured P-wave anisotropy ε p (Equation (6)) ranges from À5% (sample 2C) to 36% (sample 6C). Positive P-wave anisotropy (V p11 > V p33 , the "3" direction is perpendicular to bedding) are found for all measured samples except sample 2C (V p11 < V p33 ). A majority (8 out of 11) of the data set have measured ε varing between 5% and 20% (Fig. 10a) . Though the degree of anisotropy varies from sample to sample, an average P-wave aniostropy for all 11 measured samples is 13.3%. 2) P-wave velocities parallel to bedding but in two orthogonal directions (Fig. 2d) were measured from 5 samples (Fig. 10b) . The differences between measured values of V p11 andV p22 roughly vary between ±5%. This variation is relatively smaller than the average P-wave anisotropy (13.3%).
3) The P-wave velocities measured from individual samples (A, B and C) and different sample sets (Set 1e6) range widely from 1.05 km/s (V p11 of sample 2C) to 2.23 km/s (V p11 of sample 3A). Significant differences exist not only among different sample sets (for instance, Set 3 and Set 6), but also among each set of three samples (for instance, V p11 measured from 1A, 1B and 1C). 
Effects of anisotropy on principal stress orientation
Model configuration and boundary conditions
The average P-wave anisotropy reported in Section 5.2 suggests that the cross-bedded Aztec Sandstone is elastically anisotropic. To understand how the cross-bedding associated anisotropy affects the formation and orientation of joints in aeolian Aztec Sandstone, a model based on the generalized Hooke's law for anisotropic materials (Lekhnitskii, 1963) is analyzed assuming that the crossbedded sandstone is transversely isotropic (Equation (1)).
The model geometry and the applied boundary conditions are shown in Fig. 11a . The infinite transversely isotropic medium representing the cross-bedded sandstones is subjected to strain boundary conditions (BC). The principal strain components (ε 1 , ε 2 and ε 3 are coaxial with x-, y-and z-axis, Fig. 11a ) and material properties (MP) (E, y, E ' , y ' and G ' in Equation (1)) are used to investigate the effect of elastic anisotropy on the orientation and magnitude of the maximum principal stress component (s 1 ) (Fig. 11b) , which is of interest for jointing. The strain boundary conditions, material properties and stress components are related by Equation (7) which follows from Equation (1). 
whereS'(six by six compliance matrix) is a function of a 1 , q 1 and S. The transformed compliance matrix (S') of cross-beds of different orientations (a 1 , q 1 ) in the (x, y, z) cartesian coordinate system is obtained by operating coordinate transformations on S (Mavko et al., 2009, p. 20) . The magnitude and orientation of the maximum principal stress component (s 1 ) is determined by solving the eigenvalue problem (e.g. Pollard and Fletcher, 2005, p. 219) of the stress tensor written in the column vector form in Equation (7). In the analysis, the strike orientation (a 1 ) of cross-beds (Fig. 11a) ' and G ' ) based on the results from the static measurements reported (Section 5.1). According to the measured average P-wave anisotropy (V p11 > V p33 ), we assume that E is larger than E ' for all anisotropic cases.
Model results
Five different material properties (MP1-MP5) in combination with four different remote strain boundary conditions (BC1-BC4) were investigated in a total of eight cases (Case 1 to Case 8). Similar to the commonly applied strain boundary conditions in extension testing (i.e. Rutter, 1998) , these four strain boundary conditions are uniaxial extension (BC1: ε zz > ε xx ¼ ε yy ¼ 0), axisymmetric extensions (BC2:ε zz > ε xx ¼ ε yy ; BC3: ε zz < ε xx ¼ ε yy ) and triaxial extension (BC4: ε xx > ε yy > ε zz ). The details about the model results are presented in Fig. 12 and summarized in Table 1 .
The results summarized in Table 1 suggest that the interplay between the anisotropy of a medium and the applied strains results in different principal stress orientations, i.e., the plunge directions and plunge of s 1 (the maximum principal tension).
While Case 1 (the only case with isotropic medium) shows no variation and Case 5 (the only case with triaxial extension) shows relatively small variation, all other cases show significant changes of s 1 plunge directions as the strikes of cross-beds vary (Fig. 12a , Table 1 ). Particularly, in Cases 2 and 3, the difference between the plunge direction (a 2 ) of s 1 and the strike of cross-beds (a 1 ) is constant as 90 as the latter varies. However, in Cases 4, 6, 7 and 8, the plunge direction (a 2 ) of s 1 and the strike of cross-beds (a 1 ) are the same as the latter varies.
Although Case 3 (ε zz > ε xx ¼ ε yy ) and Cases 4, 6, 7 and 8 (ε zz < ε xx ¼ ε yy ) all have axisymmetric extension as the boundary conditions, the difference in the relative magnitudes between ε zz and ε xx (ε yy ) here results in different variations of a 2 with respect to a 1 .
Regarding the plunge of s 1 , Case 5 shows a certain degree of variation whereas other cases have different but constant values with respect to strikes of cross-beds (Fig. 12b , Table 1 ). In particular, Cases 2 (ε zz > ε xx ¼ ε yy ¼ 0) and 3 (ε zz > ε xx ¼ ε yy s 0) have different plunges of s 1 due to distinct applied boundary conditions, though these two cases are characterized by the same variation of the plunge direction of s 1 as mentioned above. In Fig. 11 . Illustration of the model configuration: cross-bed orientation, three dimensional strain, plunge direction and plunge (Pollard and Fletcher, 2005) of the maximum principal stress component. a). Schematic diagram showing cross-bed strike a 1 and dip angle q 1 and three principal strain components (ε xx , ε yy and ε zz ) applied as boundary conditions. The (Â, y, z) Cartesian coordinate system for the strain components is consistent with the (east, north, up) ENU coordinate system in which the cross-bed orientation is defined. b).
Diagram showing plunge direction (a 2 ) and plunge (q 2 ) of the maximum principal stress component (s1).
comparison, Cases 4, 6, 7 and 8 have the same value for the plunge of s 1 because of the identical applied boundary condition (ε zz < ε xx ¼ ε yy ). The differences between Cases 4, 6, 7 and 8 are the distinct ratios between s 1 and s xx (Fig. 12c) due to different material properties. For instance, as the degree of stiffness anisotropy becomes greater from MP2 (E ¼ 1.2E') to MP3
(E ¼ 1.3E'), the maximum ratio between s 1 and s xx increases slightly from 1.01 (Case 4) to 1.013 (Case 6). Considering the notion that joints form perpendicular to the maximum principal (tensile) stress (Pollard and Aydin, 1988) , these model results have important implications for our field observations.
Comparison between the model results and the field data
The field data (see Section 4) show that CBP (cross-bed package confined) joints trend roughly parallel to the dip direction of the cross-beds (Fig. 7) . This relationship suggests that the plunge direction of the maximum principal tension responsible for the orientation of CBP joints varies with cross-bed orientation. In particular, the plunge direction (a 2 ) of the local maximum principal stress component is expected to coincide with the strike of the cross-beds (a 1 ) locally. For the boundary condition of axisymmetric extension (ε xx ¼ ε yy > ε zz ) (Case 4, 6, 7 and 8), plunge direction (a 2 ) of s 1 remains the same (or 180 difference) as the strike of local cross-beds (a 1 ) when the latter varies. This is consistent with the field data of CBP joints. However, the plunge (q 2 ) of s 1 remains constant at 0 (corresponding to vertical joints), but the dip angles of the CBP joints vary between 58 and 89 with a mean of 76 . These do not match well.
In contrast, the joint zone orientations do not change with changes in the cross-bed orientations. This outcome suggests that the plunge direction (a 2 ) of the maximum principal stress component responsible for the formation of the joint zones does not vary significantly in cross-beds of different orientations. For the model boundary condition, BC4 (ε xx > ε yy > ε zz ) (Case 5), the plunge direction (a 2 ) of s 1 does not vary significantly and remains around 90 and 270 . The plunge of s 1 (q 2 ) is smaller than 10 (corresponding to a range of dip angles for potential joint planes larger than 80 ). These results are in good agreement with the field data from the joint zones (Fig. 4) .
Discussion
The notion of bed-normal joints
The notion that joints are commonly perpendicular to bedding is supported by many previous studies on jointing in sedimentary rocks (Hodgson, 1961; Price, 1966; Kulander et al., 1979; Gross and Engelder, 1995; Odonne et al., 2007) . A commonly accepted interpretation for this notion is that sedimentary rocks are originally flat-lying and the regional principal stresses are orthogonal to bedding as dictated by the free surface during the formation of the joints before any tilting of the beds. Frictionless or very low friction across the bedding interfaces may also produce local principal stresses perpendicular to bedding (i.e. Cooke et al., 2000) even though the remote tensile principal stress is not vertical. However, in aeolian sandstones the cross-beds have an intrinsic dip angle and may have variable strikes due to the depositional processes (Hunter, 1977; Kocurek, 1991) . Furthermore, there is no evidence for CBP joints formed associated with bed-parallel slip or duneboundary slip in this study. The reason why joints formed at high-angle to bedding therefore remains intriguing from the perspective of classical view of the relationship between bedding and joint orientation.
The effect of bedding on the orientation of joints in different regions at different scales has been previously addressed by several classical studies of joints in sedimentary rocks. Hodgson (1961) noted that the systemic joints on Colorado Plateau were not affected by the cross-beds in the Navajo, Wingate, and DeChelly Sandstones. In contrast, Babcock (1973) found that "joints passing through cross-beds consistently change in dip from vertical to a dip normal to the cross-beds" in sandstones of the lower Milk River Formation in southern Alberta. Nelson and Stearns (1977) based on their study of the regional factures in the Lake Powell area of Utah and Arizona, concluded that the changes in strike of the regional fractures among different formations are due to mechanical anisotropies associated with large scale sedimentary structures. Winsor (1979) carried out a study of the regional fracture sets within the Delamerian fold belt in Australia and reported that two sets of fractures were in good correlation with the sedimentary anisotropy. From the preceding review, it is evident that bedding in general and cross-bedding in particular have been known to influence the orientation of joints in layered and cross-bedded rocks. However, most of these previous studies have pointed out the origin of this effect as "sedimentary anisotropy", but few of them have analyzed and discussed the nature of the bedding associated anisotropy and its influence (or lack thereof) on the joint orientations within a mechanical framework.
The analysis in this study suggests that non-coaxiality between the directions of the principal stress and principal strain is in play for the fracture formation in anisotropic rocks. The notion of noncoaxial stress and strain has also been addressed by previous studies on deformation in different rock types (Cobbold, 1976; Platt and Vissers, 1980) .
In the present study, when the maximum and intermediate strain components are the same (BC3: ε xx ¼ ε yy > ε zz ), the model results (Fig. 12, Case 4, 6, 7 and 8) are in good agreement with the field data about the variation of strikes of CBP (cross-bed package confined) joints. Because the CBP joints have a broad variation in their orientation (from 0 to 80 and from 170 to 356 as shown in Fig. 4) , the total extensional elastic strains accommodated by all the CBP joints within the horizontal plane are not very different, that is,ε xx y ε yy . The model results also suggest that when the horizontal stretching (maximum tensile strain component) is predominant along the east-west direction (BC4:ε xx > ε yy > ε zz ), the cross-bedding associated anisotropy will have an insignificant effect on the plunge direction of the maximum tensile stress component (Fig. 12a, Case  5) . Therefore, the effect of cross-bedding associated anisotropy on the orientation of joint sets depends by and large on the boundary conditions: an axisymmetric extension (ε xx ¼ ε yy > ε zz ) would amplify the effect of anisotropy on the joint orientation whereas a triaxial extension (ε xx > ε yy > ε zz ) would mitigate this effect. Thus the interplay between the mechanical boundary conditions and the rock properties, specifically cross-bed related anisotropy may produce different joint systems.
Previous studies (Meyers, 1999; Taylor et al., 1999) proposed that the joint zones of similar orientations in the Aztec Sandstone within the Valley of Fire State Park formed during the early stages of the east-west Miocene extension associated with the Basin and Range tectonism (e.g. Bohannon, 1983) . Our field data and model results on joint zones are in agreement with these studies. The relatively consistent orientation and greater continuity of joint zones suggest that they might have formed at a different time and under a different loading regime than the CBP joints. Aydin and de Joussineau (2014) in their study of the temporal and spatial relationship between the normal faults and related joints versus strikeslip faults within Valley of Fire State Park, pointed out that a major reorganization of regional tectonic loading may have occurred to produce the observed sequence of the faulting events. Other authors using different methods and models concluded that temporal and spatial variations of the stresses (Zoback, 1989; Angelier et al., 1985) and strain patterns (Beard et al., 2010; Anderson et al., 2013) occurred in the Basin and Range province. In the absence of the relative timing between the formation of CBP joints and the history of the tectonic events referred to above, it is difficult to specify the tectonic origin corresponding to a strain boundary condition such as BC3 ε xx ¼ ε yy > ε zz . However, it is plausible that such a boundary condition is associated with a temporal evolution of regional tectonic loading in the Valley of Fire region. Possible scenarios include the following: After the formation of the joint zones, tensile strains associated with the EeW horizontal stretching are relaxed resulting a strain relaxation in the EeW direction and a decrease of ε xx , which may lead to the change of boundary condition from true triaxial (ε xx > ε yy > ε zz ) to axisymmetric BC3 (ε xx ¼ ε yy > ε zz ). Although we do not present any evidence for a particular scenario, we believe that the variation of the driving stresses and strains in a broad area like the Basin and Range province during a large geological span is quite plausible.
The dip angles of CBP joints varying between 58 and 89 , which does not match well with the model results predicting a 90 dip angle. To resolve this discrepancy, future work is needed to investigate the range of elastic properties in detail and incorporate them into our model. P-wave velocity measurements (Section 5) suggest that a difference exists between the two orthogonal directions within the bedding plane. Therefore, material properties other than transverse isotropy, for example, orthotropic system, are worth further study in the cross-bedded sandstones. In addition, the relation between the mechanical strength of opening-mode fracture formation and the bedding orientation may also be an important factor. To this end, modeling studies using the strength of localized compaction such as weak (favorable) or strong (unfavorable) on the distribution and orientations of compaction bands are promising (Deng and Aydin, 2015) . It is likely that the openingmode fracture formation can also be defined as a function of crossbed orientation.
Microstructure attributes affecting the degree of anisotropy
The measured Young's modulus E ' of Aztec Sandstone samples (Section 5.1) is roughly similar to those of other porous sandstones (Obert and Duvall, 1967) . In contrast, Poisson's ratio y ' are relatively large (0.35e0.37) comparing to the "typical value" of 0.25 (Bieniawski, 1984) , but are consistent with similar sandstones that are poorly-cemented (Dvorkin and Nur, 1996) . Flodin et al. (2003) measured the difference between the petrophysical properties of the lower, middle and upper members of the Aztec Sandstone to explain the different degrees of the presences of deformation bands and joints in these members. They concluded that porosity appears to be the major factor controlling the deformation style. They investigated mainly the ultrasonic velocities perpendicular to bedding, and measured velocities in two directions only for few samples. The P-wave anisotropy calculated from the unpublished data from Flodin (2003) agrees well with our measurements. In our study, efforts have been made to measure the stiffness anisotropy (difference between E ' and E in addition to the P-wave velocity). However, because the samples are poorly consolidated and fragile, the surfaces oriented perpendicular to bedding planes are difficult to be prepared exactly parallel or within the required limits. We therefore propose that the static set-up is not appropriate to measure the elastic anisotropy in poorly consolidated granular rocks, such as the middle member of the Aztec Sandstone. P-wave anisotropy (Fig. 10a ) measured from different samples show a wide range of values (À5% to 36%). Because the samples were collected from different locations across multiple dunes and from different cross-beds within a single dune, such variations in the measured P-wave anisotropy are probably related to the textural differences among the samples collected from different depositional strata (Hunter, 1977; Kocurek, 1991) . For instance, samples 6B and 6C have the highest measured degree of P-wave anisotropies at 21% and 36%, respectively (see Fig. 10 ). They were collected from the bottom sets (wind-ripple strata) right above the dune boundary (Fig. 1, inset) where a concentration of fine and ultra fine materials occurs (Deng and Aydin, 2012, Fig. 9c therein) , forming thinly bedded (<1 mm) pin-stripe laminations (see Fryberger and Schenk, 1988 for the details of the definition). Compared with other samples from relatively thicker beds collected from the foresets (grainflow strata), such a thinly laminated texture will certainly have a greater degree of P-wave anisotropy (Melia and Carlson, 1984) . In comparison to samples 6B and 6C, the measured P-wave anisotropy of sample 2C is nearly zero. This state might be due to the individual bed thickness that is larger than the diameter (13 mm) of the transducers and therefore the measurement gives a single-layer response. Alternatively, relatively low P-wave anisotropy might also be due to local heterogeneity of this sample. For instance, the measured velocities of 2C appear to be an outlier for the overall data set (Fig. 10a) . However, comparing to the thickness (about 25 mm) of the samples tested in the laboratory, the thickness of the cross-bed packages (CBP) (Figs. 3 and 5 ) in the field is much larger. The crossbed package-associated anisotropy is likely greater than the tested samples that probably consist of only a limited number of beds in thickly bedded sequences. Besides the layered (laminated) texture, the other microstructure attributes of aeolian sandstones, such as grain shape, alignment, and orientation (Schwarzacher, 1951; Mazzullo et al., 1986) might also contribute to the P-wave anisotropy.
It is interesting to point out that cross-beds exert a strong influence on the CBP joints and the dune boundaries have a strong influence on the joint zones as evidenced by the former being confined in cross-bed packages whereas the latter are generally truncated at the dune boundaries. Compared to the bedding interfaces that bound the CBP joints, dune boundaries can be considered as boundaries of a hierarchy associated with a higher degree of inhomogeneity including fine-grained interdune deposits (e.g. Brookfield, 1977) . This difference suggests that boundaries of various hierarchies exert different influences on joint sets formation under different loading conditions and/or mechanisms. This hierarchy reflects various degrees of the interface influences on joint formation in the aeolian sandstones is not well understood and remains to be further investigated.
Potential impact on fluid flow
The field data have important implications for fluid flow through aeolian sandstones in reservoirs and aquifers. Unfilled joints provide flow paths for fluids and gas. Therefore, their distribution and geometric complexities are crucial to reservoir dynamics. Given the good agreement between our model results and field data, the model can be used for predicting joint orientations in other deformed aeolian sandstones in the subsurface.
Conclusions
We report the relationship between cross-bed orientation and the orientation of different categories of joints in the Jurassic aeolian Aztec Sandstone cropping out in the Valley of Fire State Park. We interpret that joint zones and cross-bed package confined joints have different histories and different driving mechanisms. The data show that cross-bed package confined joints are generally at a high-angle to bedding and are trending roughly parallel to the dip direction of the cross-beds. In comparison, the roughly NeS trending joint zones do not change orientation with changes in cross-bed orientations, but are frequently truncated by the dune boundaries. In light of these observations, cross-beds and the associated anisotropy exert a strong control on the formation and orientation of the cross-bed package confined joints, and the dune boundaries have significant impact on the propagation and termination of joint zones.
Assuming transversely isotropic stress-strain relations for the Aztec Sandstone samples, the statically measured Youngs modulus E ' are moderate (4.8 GPae6.5 GPa) and the Poisson's ratio (y ' ) are relatively large (0.35e0.37). The measured P-wave velocities parallel and perpendicular to bedding from 11 samples provide an average P-wave anisotropy of slightly larger than 13%. P-wave velocities parallel to bedding but in two orthogonal directions were measured from 5 samples, and varied by roughly ±5%. Based on the measured P-wave anisotropy, a three dimensional stress-strain model from the generalized Hooke's Law was used to analyze deformation of cross-bedded sandstone as a transversely isotropic medium. For different strain boundary conditions, a majority of the model results are in qualitative agreement with the field relations between joint sets and cross-beds. The results also suggest that uniaxial extension (ε zz > ε xx ¼ ε yy ¼ 0) and axisymmetric extension (ε xx ¼ ε yy < ε zz and ε xx ¼ ε yy > ε zz ) would amplify the influence of cross-bedding associated anisotropy on the joint orientation, whereas a triaxial extension (ε xx > ε yy > ε zz ) would mitigate this influence. Therefore, even though the temporal relationships between different joint systems and different types of extensional boundary strains are not well established, it is likely that the Valley of Fire region has been subjected to different loading conditions throughout the Miocene time to account for the different paths of the joint zones and cross-bed package confined joints. The potential implications of joints with significantly different orientations and geometries forming in response to variations in the boundary conditions and their interplay with the rock anisotropy is intriguing and provide a fertile ground for future studies.
